A description is given of a method to couple a liquid scintillation spectrometer to a multichannel pulse-height analyzer to record beta spectra simultaneously with three different energy ranges. Spectra of tritium, carbon-14 and phosphorus-32 recorded by this method are presented. Analyses of the beta spectra are performed by a least-squares technique, and the results are shown in tabular form.
INTRODUCTION
CONSIDERABLE effort has been spent and continues to be spent on radiation monitoring in the environment around nuclear facilities, especially nuclear power reactors. As maximum allowable releases of radioactive wastes from nuclear reactors to the environment are reduced, emphasis will be placed on measurements made on reactor 481 effluents to predict concentrations in tim environment.
Quantitative analyses are made without difficulty on mixtures of gamma-emitting radionuelides with sodium iodide or germanium detectors provided that the concentration and gamma-ray abundance of each radionuclide are sufficiently large. However, standard procedures to analyze a complex mixture of radionuclides that emit beta particles as their primary or only mode of decay involve chemical separations to isolate all isotopes of a given element present in a sample followed by an analysis for total beta activity, m These procedures are accurate in most cases although they are usually timeconsuming and expensive. Quantitative results are difficult to interpret for elements such as strontium where strontium-89, strontium-90 and yttrium-90 are present in various proportions. Table 1 contains a list of radionuclides A quantitative method to analyze samples that contain mixtures of beta-emitting radionuclides has been developed.* The method requires two analytical instruments commonly found in radiochemistry laboratories; a liquid scintillation spectrometer and a multichannel pulseheight analyzer. A spectrum of beta energies from a sample that contains a mixture of radionuclides is detected by the liquid scintillation spectrometer, recorded by the pulse-height * This work was made possible by a research grant from the American Electric Power Service Corporation.
analyzer, and resolved by a least-squares technique into component beta spectra.
Liquid effluent samples from nuclear power reactors contain different radionuclides; some emit only beta particles while others emit both beta particles and gamma rays. A complete isotopic analysis would require gamma spectrum analysis, beta spectrum analysis and other analytical procedures. This paper describes the instrumemtation and the techniques used to record beta spectra.
INSTRUMENTATION
A Packard 3380 liquid scintillation analyzer (LSA) and a Packard 901 multichannel analyzer (MCA) were used in this investigation. The LSA has three independent single-channel analyzers that permit one, two or three radionuclides of known identities to be used sinmltaneously in tracer studies. Each single-channel
Fro. I. Beta spectra of radionuclides with dill ferent maximum energies that are amplified to the upper limit of each discriminator in the three single-channel analyzers of the liquid scintillation analyzer. analyzer has a linear amplifier with a lower and an upper energy discriminator. The gain of each amplifier is adjusted so that the upper discriminator limit of its single-channel analyzer corresponds to the most energetic beta particle emitted by a specific radionuclide. This provides better counting statistics than if equal amplification were used for radionuclides with different energies. However, if each single-channel analyzer were coupled to an MCA to record beta spectra and each radionuclide were amplified to tide upper discriminator limit, the spectra displayed would appear similar to each other. The different amplification of each single-channel analyzer compensates for the energy differences among the radionuclides used and causes their beta spectra to appear similar. Figure 1 shows the similarities among the spectra of tritium, carbon-14 and phosphorus-32 that were amplified to the upper discriminator limit, but which have maximum beta energies of 18.6, 156 and 1710 keV, respectively.
Identification of unknown radionuclides recorded with a constant amplification would be difficult if not impossible. For instance, if one single-channel analyzer with amplification for phosphorus-32 were used to record tritium, the tritium spectrum would occupy only 1. I per cent of the phosphorus-32 spectrum which would make a quantitative analysis for tritium inaccurate. Therefore, a different method is required to perform spectrum analysis on beta emitters that have energy differences as large as tritium and phosphorus-32. Figure 2 shows a block diagram of the method used in this investigation to couple the LSA to the MCA. The ancillary equipment necessary consists of three Packard 969 linear amplifiers with modified linear "and" gates and a Packard 966 four-signal router/mixer.
Each single-channel analyzer of the LSA receives an analog signal from the photomuhiplier tubes that is proportional to the energy of the beta particle detected. The analog signal FIo. 4. Beta spectra of radionuclides recorded by the method developed in this investigation.
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simultaneously to the router/mixer. The digital signal is used by the router/mixer to identify the quarter of the MCA memory where the analog signal is to be stored.
This configuration of the equipment produces a single spectrum composed of three energy ranges. Each energy range consists of 256 channels with energy scales of 0"1, 1 and 10 keV per channel as shown in Fig. 3 . The lower discriminator for each energy range is set above the maximum energy recorded in the previous energy range. Beta spectra are recorded in channels 15-768 which corresponds to energies of 1.5-2560 keV. The three energy ranges that the spectrum contains are used to describe the beta emitter irrespective of its maximum energy. I00 ;ZOO 300 400 500 600 ZOO
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Fro. 5. A composite beta spectrum of a single sample that contains tritium, carbon-14 and phosphorus-32 recorded by the method developed in this investigation.
Interference from a radionuclide with a high maximum beta energy in a spectrum produced by a radionuclide with a low maximum beta energy is minimized with this method. Figure 4 shows beta spectra recorded by this method for tritium, carbon-14 and phosphorus-32. Figure  5 shows a beta spectrum recorded from a single sample that contained tritium, carbon-14 and phosphorus-32. RESULTS Initial investigations were performed with tritium, carbon-14 and phosphorus-32 to determine the feasibility of beta spectrum analysis as an analytical technique. Test samples were prepared with various combinations of these three radionuclides in known concentrations with a constant quench, and a beta spectrum of each sample was recorded and analyzed. A least squares spectrum analysis computer program was used to predict the activity of each radionuclide in each sample. Table 2 shows data 
SUMMARY
A method to record and analyze quantitatively beta spectra produced by samples that contain beta-emitting radionuclides has been developed. The method to record beta spectra developed in this investigation produces a single spectrum composed of three energy ranges which permits analyses of samples that contain beta emitters with widely differing energies. Tests have shown this method of beta spectrum analysis to be a rapid and an accurate method to analyze samples that contain mixtures of tritium, carbon-14 and phosphorus-32 in various proportions. Further tests of the method are planned to determine the usefulness of the procedure for other beta emitters, minimum detectable concentrations, effects of quench, and limitations imposed by samples that contain radionuclides that emit both beta particles and gamma rays.
